ABSTRACT: Traditionally, diaphyseal stems have been utilized to augment the stability of revision total knee replacement (rTKR) implants. More recently metaphyseal augments, such as sleeves, have been introduced to further augment component fixation. The effect of augments such as stems and sleeves have on the primary stability of a rTKR implant is poorly understood, however it has important implications on the complexity, costs and survivorship of the procedure. Finite element analysis was used to investigate the primary stability and strain distribution of various size stems and sleeves used in conjunction with a cementless revision tibial tray. The model was built from computer tomography images of a single healthy tibia obtained from an 81-year-old patient to which an Anderson Orthopaedic Research Institute (AORI) IIA defect was virtually added. The influences of varying body mass index (BMI) and bone modulus were also investigated. Stemless sleeves were found to provided adequate primary implant stability (average implant micro-motion <50 mm) for the studied defect. Addition of a stem did not enhance the primary stability. Furthermore, this study found that varying BMI and bone modulus had a considerable effect on strain distribution but negligible effect on micro-motion in the sleeve area. In conclusion, the addition of diaphyseal stem to a metaphyseal sleeve had little benefit in enhancing the primary stability of tibial trays augmented when simulating reconstructions of AORI IIA tibial defects. Additional studies are required to determine the relative benefit of the diaphyseal stem when using metaphyseal sleeves defects with more extensive bone loss. The number of revision total knee replacement (rTKR) has increased [1] [2] [3] [4] and is expected to continue to increase 5 by as much as 600% over a 25-year period.
The number of revision total knee replacement (rTKR) has increased [1] [2] [3] [4] and is expected to continue to increase 5 by as much as 600% over a 25-year period. 6 Aseptic loosening, osteolysis and infection were 7 and continue to be 1, 8 the main causes for revision. All these factors can lead to reduction in bone stock which is commonly encountered at rTKR. [9] [10] [11] [12] [13] In addition, removal of the old implants and the surgical preparation for the insertion of new implants can cause further bone loss.
Traditionally, diaphyseal stems have been utilized to augment the stability of the tibial component of rTKR implants. More recently, metaphyseal augments such as sleeves have been introduced to further augment tibial component fixation especially in the reconstruction of cases with larger bone defects. 9, 14 Current early to midterm clinical studies have demonstrated that metaphyseal sleeves can facilitate a stable and adequate metaphyseal fixation allowing for osseointegration. 13, [15] [16] [17] Several clinical studies have reported on the use of metaphyseal sleeves alone, without stems, for the reconstruction of various types of bone defects as described by the Anderson Orthopaedic Research Institute (AORI) classification. These studies suggest that good short term stability is possible for these reconstructions at short term follow-up. 13, 16, 18, 19 Of importance, some studies have reported metaphyseal bone resorption after such reconstructions, suggesting stress shielding. 15, 20 To date, the immediate post-operative mechanical environment associated with cementless revision tibial trays is poorly understood and the authors could not identify any biomechanical studies that investigated the effect of metaphyseal sleeve (alone or in combination with a diaphyseal stem of various diameters) on the primary stability, strain, and load transfer. Therefore, the primary aim of this study was to investigate the effect various cementless stemmed and stemless metaphyseal sleeves sizes had on the primary stability and strain distribution across the tibia. The secondary aim was to investigate the effect of body mass and bone modulus on primary stability and strain distribution. This study investigated the primary stability and strain distribution on the reconstruction of an AORI Type IIA defect using finite element analysis (FEA).
METHODS
Finite element models were generated from the computer tomography (CT) scan of the left tibia taken before a rTKR of the right knee in a 81-year-old male patient with body mass index of 25 kg m À2 (weight: 82 kg, height: 1.8 m). The revision surgery was performed, 10 years after primary TKR, for pain secondary knee instability and a mal-rotated tibial implant. A high resolution 128-slice CT scanner was used (Somatom Definition ASþ, Siemens, Germany). Metal artefacts in the CT scan from the primary total knee replacement (pTKR) implant were suppressed using an extended scale technique with a window level up to 30710. The CT scans were taken using the following settings: 140 kV, 180 mAs, 0.5-second spiral-0.75-mm slice, 0.8-mm feed, and a reconstruction interval using coronal and sagittal images of 0.75 mm. 21 Despite suppressing metal artefact in the CT scan, some artefacts from pTKR implant was still present in the implanted tibia, therefore the contralateral tibia bone geometry was segmented instead. The contralateral tibia was segmented by using automatic threshold followed by manual refinement. All segmentation was performed using ScanIP (Simpleware Ltd., Exeter, UK).
The CT scan of the implanted tibia showed an AORI type IIA defect, 22, 23 as classified by the operating surgeon. At surgery, after removal of the tibial component, the proximal tibia had a posterolateral cavitatory (contained) defect measuring approximately 8 cm 3 (2 cm in each axis). However, the implanted tibia could not be used to assign material properties to the FE model due to presence of metal artefact. Therefore, the bone defect (caused by pTKR implant and cement) found in the implanted bone was mapped onto the intact contralateral tibia. The defect was mapped to the contralateral bone by first mirroring the implanted bone on Hypermesh (Hypermesh, Alrair, Michigan) and manually aligning the implanted bone to the contralateral bone using feature-based spatial transformation. Once a match in the transformation is achieved, the grey scale value was then manually compared to ensure proper alignment of the two bones. Then Hypermesh was utilized to include the patient specific bone defect to the contralateral bone using a Boolean operation. The defect included directly matched the surgeon's description.
The bone was then cut using a Boolean operation and virtually implanted with the DePuy ATTUNE 1 Revision Rotating Platform Knee System augmented with varying sizes of cementless metaphyseal sleeve, with and without a diaphyseal stem, following the surgical and manufacturer guidelines (DePuy Synthes Joint Reconstruction, Warsaw, IN). The implant was aligned with the central vertical axis of the diaphysis canal and the tibia tray platform was implanted with perfect contact between implant and bone. This study did not investigate implant impaction, Boolean operation was used to implant the tibia.
This study examined one cementless tibial tray, two sleeves, and four stem sizes. The tray width was 70 mm medial to lateral. The sleeve proximal widths (major diameter) were 37 and 45 mm medial to lateral. The stem diameter size were 12, 14, 16, and 18 mm. All the stems were 60 mm long. Although the stems used in the study are designed for pressfit, the author did not model pressfit condition. Penalty frictional contact was implemented between the whole implant surface and the bone. Total implant length was 120 mm (Fig. 1A) . The implant was made of Ti-6Al-4V alloy.
Joint contact forces for stair descent (only stance phase, heel strike to heels off) was applied using data from musculoskeletal modelling. 24 Stair descent load cycle was selected because it is linked to the peak level of reported micromotion experienced by the implant in pTKR. 25 Six degrees of freedom stair descent contact forces were generated using a DePuy primary ATTUNE rotating platform posterior stabilized total knee replacement implant. The ATTUNE loads applied to this model were obtained using mobile bearing tibial tray design used in this model. These forces were obtained by using a dynamic finite element analysis software to evaluate knee replacement mechanics during ADL. The software can estimates subject specific muscle forces, tibial contact load, location, and pressure distribution. 24, 26 Although, the contribution of these forces are included in the current model's joint contact forces, the current model does not explicitly include muscle or ligament attachments. This dynamic finite element software was validated against the Bergmann data and other experimental data with good agreement. 27, 28 The loads applied to this model consisted of anterior-posterior, mediallateral, axial forces. Also three rotational moments were applied: Flexion extension, varus-valgus, and internal-external (Figs. 1B and 2 ). These loads and moments are based at the center of the tibial tray. Therefore, it was first scaled the forces to the body mass of our subject. Then to simulate physiological force applied to the medial lateral condyle, the forces were applied to the medial and lateral side of the tibial tray at equal distance from the center. The flexion extension moment on the other hand was applied to the anterior and posterior side of the tibial tray. The distance from the center of the tibial tray where these force were applied can vary based on the size of the tibial tray. The gait cycle was discretized into 2% intervals, 51 increments in total. The forces were applied at four points on the implant proximal surface baseplate (Fig. 1B) . The distal 30% of the tibia was rigidly constrained.
Material properties were derived from the CT scans (ScanIP, Simpleware Ltd. 
where E is the Young's modulus (in MPa), r is the apparent density (in g cm 3 ) , HU is the Hounsfield units.. The effect of varying the bone properties and BMI was examined. Bone properties were varied by using the average and the lower bounds of published modulus density relationship (Fig. 1C) . 31 The mean Morgan modulus density relationship (mMo) was used to simulate a healthy bone (Fig. 1C) . The lower bound value (lbMo) was used to simulate a weaker bone (Fig. 1C) . The effect of increasing body weight was examined by using UK average pTKR BMI and standard deviation (SD): UK average BMI ¼ 31.5 (Obese class 1), UK average BMI þ SD ¼ 35.8 (obese class 2), UK average BMI þ 2 Â SD ¼ 41.1 (obese class 3). 1, 32 This study used BMI to test best and worst case scenario for bone loading condition. However this study did not consider the effect of obese BMI on bone cross sectional area (CSA), geometry, and material properties. Recent studies have shown that BMI and age can have a direct effect on bone CSA, geometry, and material properties. 33, 34 A linear tetrahedral mesh was generated for all models, with an average element length of 1 mm (total number of elements range: 677275-732080 elements). The risk of implant instability and fixation failure was determined by examining micromotion between implant and bone. The risk of bone failure and significant changes in bone density were evaluated by assessing the strain distribution in the bone 35 . Micromotion was analyzed to assess the implant primary stability and the potential for osseointegration. Micromotion PRIMARY STABILITY OF REVISION TIBIAL TRAY was calculated by first finding the initial correspondence between neighboring implant and bone nodes prior to the simulation. This was conducted by using an in-house Matlab code (MathWorks, Natick, MA). These initial correspondent node pairs (CNP) were then saved as implant-bone pair nodes for the rest of the simulation. Micromotion was calculated by finding the resultant displacement between the current frame CNP and the previous frame CNP (whole load cycle is 51 frames). Strain was analyzed to examine load transfer and the likelihood of bone failure by quantifying the percent of bone at or above the yield strain (Yield equivalent strain for bone (cancellous and cortical) in tension is approximately 7,000 me). 35, 36 In addition, clinically strain can be a proxy measure of implant migration. The strain reported in this study is the equivalent strain (e) computed from the principle strains (e 1 , e 2 , and e 3 ) to assess the risk of bone failure (Equation 3).
The percentage of bone with equivalent strain greater than the yield value (7,000 me micro-strain 35 ) was also reported. The strain was analyzed across the entire bone.
A custom in-house program was used to report the composite peak micromotion and microstrain (CPM and CPS, respectively). The composite peak is the peak value of micromotion and strain during the entire activity at each node of the bone. All data reported in this study are the average and 95th percentile value of the CPM and CPS. In addition, the percentage of bone experiencing CPM less than 50 mm was reported as an indicator of the potential for osseointegration. 35, [37] [38] [39] Finally, this study shows a 3D surface plot of the CPM and a cross-sectional view of the tibia CPS at the mid-sagittal plane (Fig. 3B) .
The influence of mesh density on the output metrics was assessed. As the voxel size on the CT scan was 0.84 Â 0.84 Â 0.8 mm, there can be no further improvement in material property distribution with an element size less than 0.8 mm. 40 Thus, a mesh convergence test was conducted with two mesh sizes of 0.8 mm and 1 mm. The difference in mean composite peak micromotion values between the 0.8 mm and the 1 mm mesh was <2 mm and the difference in the 95th percentile was <5 mm. However, using 1 mm mesh results in 1.5 h in computer runtime savings and requires 20% less ram compared to 0.8 mm. In total 80 static simulations were conducted using ABAQUS/Standard v6.13. Each simulation was processed using 15 CPUs (Intel 1 Xeon 1 2.4 GHz processor, 32 GB RAM).
RESULTS The Effect of Varying Stem and Sleeve Size on Micromotion and Strain Distribution
For this section, the discussed results are for model assigned material properties using the mMo and a BMI of 25. Although, for all implant combinations studied, less than 75% of the implant contact surface area was in direct contact with the bone (gap less than 1 mm), the bone-implant mean CPM were low. The mean CPM for the whole implant (tray, sleeve, and stem if the implant includes a stem) were below 10 mm for all of the implant combinations (Fig. 3A) . The predicted CPM around the sleeve, in terms of distribution and magnitude, were similar whether a stem was present or was absent (Fig. 3A , Tables 1 and 2) , with the mean CPM remaining below 5mm and the 95th percentile CPM remaining below 15 mm ( Table 1 ). The CPM around the stem, if present, were dependent on whether it adequately engaged with the diaphyseal cortex ( Table 3 ). The mean and 95th percentile of CPM for the stem were less than 5 and 10 mm, respectively for the 18 mm diameter stem that engaged with the diaphyseal cortex (Fig. 3A, Table 3 ). However, when the stem was undersized (12 and 14 mm diameter stems) and did not engage with the diaphyseal cortex, the mean and 95th percentile CPM's increased to 20 and 48 mm, respectively. This was primarily due to the relative motion of the stem tip in the medullary cavity (Fig. 3A, Table 3 ). Increasing the sleeve size had no effect on the CPM around sleeve (Table 2) . At the stem side, increasing the sleeve size lead to a marginal increase in the 95th percentile value of CPM surrounding under-sized stems (Table 4) . However for the 18 mm diameter stem that fully engaged with the cortex, increasing the sleeve size had no effect on CPM in the stem region.
The CPS distribution across the tibia bone was examined. The mean CPS remained below 1,000 me for all implant combinations. The highest 95th percentile value of CPS was 3,050 me in all implant combinations (Fig. 3B) . This is well below bone yield point of 7,000 me. The strain was greatest in the anterior distal diaphysis region. The 18 mm in diameter stem, with diaphyseal cortex contact, showed signs of strain shielding, in the metaphysis and proximal posterior diaphyseal region (Fig. 3B) , as compared to the sleeve with no stem. In addition, this analysis also found that increasing sleeve size had no effect on micro-strain distribution.
Effect of Increasing BMI and Decreasing the Young's Modulus of the Assigned Material Properties on CPM and CPS First, the effect of the increase in BMI on CPM and CPS was examined with the default assigned material Figure 2 . The 6 degrees of freedom forces and moments applied to the model. The three forces applied are: Anterior-posterior, medial-lateral, and Inferior-Superior forces. In addition, three rotational moments applied are: Flexion-extension, varus-valgus, and internal-external moment. The forces were obtained for the DePuy primary ATTUNE rotating platform posterior stabilized total knee replacement implant. These loads and moments data are based at the centre of the tibial tray. The force were obtained through a dynamic finite element analysis software to evaluate knee replacement mechanics during ADL. The software can estimates subject specific muscle forces, tibial contact load, location, and pressure distribution.
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properties (mMo). Considering just the sleeve, increased BMI lead to marginal increase in CPM, with the mean CPM increasing by a maximum of 3 mm and the peak CPM (95th percentile) increasing by a maximum of 12.2 mm ( Table 1 ). The percent of the sleeve surface experiencing CPM greater than 50 mm was always less than 2% ( Table 1) .
The effect of the increase in BMI on CPM was most significantly observed in the stem region. For example, in the 14 mm undersized stem, the percent of implant surface with CPM greater than 50 mm increased from 0.8 to 21.7% with the increase of BMI from 25 to 41.1, respectively (Table 3) . For the undersized stems (12 and 14 mm stem), increasing the sleeve size from 37 to 45 mm (medial to lateral major diameter) lead to an average 25% increase in the mean CPM in the stem side, however no significant effect on CPM in the sleeve side was observed (Tables 2 and 4) .
Reducing the bone modulus had a greater effect on CPM and CPS compared to changing the patient BMI (Fig. 4) . At a low bone modulus (lbMo), the mean and the peak CPM increased at a greater rate with the increase of BMI. For example, in the stem region of the 14 mm undersized stem under 41.1 BMI, the percent of implant surface with CPM greater than 50 mm increased from 21.7 to 42.7% with decrease of the assigned material property from mMo to lbMo, respectively (Tables 1-4 ). This offset in the CPM value remained with the increase in the stem and sleeve size (Tables 1-4) . In terms of the strain distribution, there was also an increase in CPS in the whole tibia when the assigned material property was dropped from mMo to lbMo (Fig. 4B) . For mMo, CPS in the whole tibia increased with the increase in BMI. However, for lbMo, although CPS in the whole tibia increased with the increase in BMI, the ratio difference in CPS value between mMo and lbMo also increased with the increase of BMI (Fig. 4B ). In addition, it was observed that large engaging stems caused strain shielding in the proximal metaphysis, as compared to the sleeve with no stem. (Fig. 5A and B) . This was observed regardless of BMI and the assigned bone properties. For example, under a BMI of 25 kg m À2 and an mMo, mean CPS value in the bone surrounding the sleeve was 395me in the sleeved implant with correct size stem (18 mm in diameter stem) compared to 523 me in the sleeved implant with no stem (Fig. 5B) .
DISCUSSION
Several clinical studies have reported on the use of metaphyseal fixation with sleeves only to augment rTKR reconstruction of AORI type 2 and 3 bone defects. 13, 16, 18 Although considered promising, the results are difficult to interpret. Barrett et al. reported no failures, but only 30% of the patients used metaphyseal sleeves without stems. 16 Gottschhe et al. reported 2.8% aseptic loosening at minimum 2 years follow-up in 63 rTKR in which all cases used metaphyseal sleeves only to achieve implant stability. 18 Agar- This simulation study investigated the effect of increasing stem and sleeve size on primary stability and strain distribution across the tibia, which have not been well reported in the literature previously. This simulation study found that sleeved implants used without a stem can achieve adequate initial stability, for the type T2A defect examined in this paper. The predicted micromotions were comparable or lower to those reported for cementless primary tibial trays. 25 The stemless configuration was shown to have less than 1% of the sleeve contact surface experiencing micro-motions greater than 50 mm indicating good biomechanical conditions for osseointegration. This results have not been reported previously. However, the findings in this study agree with micromotion values reported in another experimental model which investigated the primary stability of stemmed and stemless revision sleeves in a synthetic tibial bone. 41, 42 Moreover several clinical studies have reported that the sleeved implants can be stable and achieve good osseointegration, as assessed on plain radiographs. 13, [15] [16] [17] 43 In addition, retrieval studies have shown significant bone growth and osseointegration of sleeved implants. 44, 45 Including a stem did not enhance the overall primary stability (micromotion) of the construct simulated in this study. The ability to reconstruct an AORI type IIA tibial bone defect using a tibial tray augmented by a sleeve only, stemless, can have some important advantages. First, a stemless implant is more bone preserving and therefore can facilitate further revisions should the need arise; second, the pain associated with stemmed implants is avoided; and third not using a stem can reduce the time of the operation and its costs. In addition, this study showed that the stemless configuration simulated had a better strain distribution in the proximal metaphysis with decreased diaphyseal strain shielding compared to the The effect of varying BMI and bone stiffness values on the composite peak micromotion (CPM) in the stem region for four different stem sizes. The table displays the mean value, 95 percentile value, and the region of the bone experiencing CPM greater than 50 mm (>50-mm). mMo denote the bone stiffness obtained from the mean Morgan modulus density relationship. lbMo the bone stiffness obtained from the lower bound value of Morgan modulus density relationship. 18 mm diaphysis engaging stemmed implants. When looking at the smaller stems tested, that are not in full contact with the diaphyseal cortex (12 and 14 mm in diameter stems), they generated higher CPM at the distal end which might influence implant osseointegration. As suggested by Alexander et al. 17 smaller diameter stems used in rTKR could also be responsible for generating shin pain, traditionally associated with larger diameter stems. 46 That study 17 reported that a statistically significant number of patients with a smaller size stem (avg. 11 mm in diameter) suffered from pain compared to patients with a larger size stem (avg. 15 mm in diameter) who did not suffer from any pain. However, the size ratio between the stem and intramedullary canal was not clear in that paper. In terms of load transfer, large engaging stems caused strain shielding in the proximal metaphysis, compared to stemless sleeved implants and sleeves with undersized stems. This is supported by recent clinical studies that have reported bone resorption in that region of the metaphysis in stemmed sleeved implants. 15, 19, 20 Increasing sleeve size had a negligible effect on primary stability (micromotion) of the sleeve region of the implant with reported difference in CPM less than 1 mm suggesting that the smallest sleeve should be used.
This study also investigated the effect of increasing BMI and decreasing the bone assigned material property from mMo to lbMo. This study found that with increase BMI, CPM and CPS tend to increase. However, when the assigned material properties were decreased from mMo to lbMo, an offset in the CPM and CPS value was observed. This offset in CPM and CPS value increased with the ratio difference in CPM and CPS value increasing with the increase of BMI. This is very important since 58% of revision patients in Australia are classified as obese with BMI greater than 30. Moreover, more than 10% of revision patients in Australia are classified as obese class 3 with BMI greater than 40.
1 Similar BMI ratios were reported by the UK joint registry. 8 This study has several limitations. First, only a single tibia was used in which implants were simulated as being implanted in an ideal way; and therefore did not account for variability in bone shape and defect size, type and shape nor surgical imperfections. Therefore, caution should be used in interpretation of the results. A future study with larger sample size is required to analyze the effect of bone shape and defect size, type and shape on rTKR on the primary stability and tibial strain distribution. Second, the study only examined the loading associated with a single activity, stair descent. Future studies should investigate other types of load cycles. Third, the study used a 6 degree of freedom joint contact forces and moments that were generated using a primary rotating platform posterior stabilized total knee replacement implant. These forces are appropriate for the current study, since all the cruciate ligaments where present, and surgically this patient would have received a posterior stabilized implant. In future studies, the "Attune Fixed Bearing Revision construct" 6 degree of freedom revision forces should be considered. Fourth, the overall alignment of the tibial construct remained constant throughout the study. Gottsche et al. 18 reported a wide variation in the tibio-femoral angle of the patients investigated and patients with increase valgus reported worse patients reported outcomes. They speculated that this wide variation could be related to the fact that the sleeves were used to conduct the tibial cuts instead of using the manufacturers allocated cutting guides. Therefore deviation from the anatomical axes of the tibia may have been present. Moreover, the absence of a stem reduced the probability of proper alignment. The effect of valgus angles and alignment should be further investigated in future studies. Fifth, the author did not investigate the effect of increasing BMI on bone cross sectional area, bone geometry, and bone material properties. Six, the author did not model implant impaction and did not investigate its effect on probability of fracture formation. Finally, beside the sleeve, there are other options currently available to the surgeons to reconstruct and compensate for bone loss to enhance the primary stability that were not investigated in this study. Such alternative options, like metaphyseal cones should also be investigated in future studies as metaphyseal cones short term and midterm results have also shown that the cone provides stable fixation and can manage severe bone loss. 9, [47] [48] [49] [50] [51] In conclusion this study investigated the effect of varying the sleeve and stem size on the primary stability of rTKR implant in a type T2A AORI tibial defect. It was found that the sleeve used without a stem was stable under all conditions studied. It was also found that varying sleeve size had a small effect on implant stability and adding a stem did not enhance primary stability. An undersized stem resulted in high micromotions around the distal tip of the stem. Larger diameter stem which are bone engaging can cause further strain shielding in the proximal metaphysis compared to the sleeved implant with no stem. Finally, the model outcome highlighted that the decreasing in bone material properties had a greater effect on the strain distribution as compared to the increasing BMI alone. Additional studies are required to determine the relative benefit of the diaphyseal stem when using metaphyseal sleeves defects with more extensive bone loss.
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